We calculate from first principles the O1s core-level shifts for a variety of atomistic models of the interface between TiO 2 and the dye N3 found in dye-sensitized solar cells. A systematic comparison between our calculations and published photoemission data shows that only interface models incorporating hydrogen bonding between the dyes are compatible with experiment. Based on our analysis we propose that at the TiO 2 /N3 interface the dyes are arranged in supramolecular assemblies. Our work opens a new direction in the modeling of semiconductor/dye interfaces and bears on the design of more efficient nanostructured solar cells.
the local bonding environment, and therefore carry the signature of the atomistic interface structure.
We here consider the O1s core-level shifts of TiO 2 /N3 interfaces reported in the XPS study of Ref 9 . All our calculations are based on a generalized gradient approximation to density-functional theory, and have been performed using the planewave pseudopotential software package quantum ESPRESSO [14] . Core-level shifts are calculated using the theory developed in Refs. 15 and 16 . A detailed description of our computational setup is given as supplementary material [17] .
Our ability to discriminate between candidate interface models relies critically on accurate core-level shift calculations. In order to gauge the accuracy of the computational method we considered a number of test molecules containing C and O atoms whose structures are well understood. In particular we included molecules which carry carboxylic acid groups COOH similarly to the N3 dye. In Fig. 1 we compare our calculated O1s core-level shifts with experiment [19, 20] . Our calculations exhibit very good agreement with experiment over a wide energy range spanning 7 eV. In the inset of Fig. 1 we concentrate on the molecules , has been applied to the calculated spectra in order to account for core-hole lifetimes, vibrational broadening, and configurational disorder. The peak arising from the TiO 2 substrate is not shown here but can be seen in Fig. 3(c) . All the spectra have been aligned to the leftmost peak.
The models I2c, I3a, and I3b and their calculated spectra are given as supplementary material [7] , together with a quantitative analysis of all the spectral features.
containing carboxylic acid groups. In these groups the two oxygen atoms are inequivalent, and the core electrons associated with the hydroxyl (COH) O atom are more tightly bound than those associated with the carbonyl (CO) O atom. Our calculations describe very accurately the differences between the core-level shifts of the hydroxyl and of the carbonyl O atoms, with an r.m.s. deviation from experiment below 0.2 eV.
For our model substrate we have chosen the anatase (101) surface, which corresponds to the majority [21] of the total exposed surface of the TiO 2 films used in DSCs and in Ref 9 . We considered eleven adsorption geometries of the N3 dye on this surface, including previously proposed models [8, [10] [11] [12] . Schematic representations of these models can be seen in Figs. 2(a), 3(a) and in the supplementary material [7] . Each model is labeled by the number of carboxylic groups which bind to the substrate. The models I2a and I2b have been proposed in previous experimental work [8, 10] , and the models I2c and I3a have been introduced in recent computational studies [11, 12] .
In order to make contact with previous studies we report in Fig. 2 (b) the calculated adsorption energies for each interface [18] . The calculated adsorption energies span a range of 0.6 eV across all the models considered. This range is comparable to the energy of hydrogen bonds between carboxylic acid groups in related systems. Indeed, the energy of the H-bond in the formic acid dimer corresponds to 0.3 eV per monomer [22] . This observation suggests that hydrogen-bonding between the carboxylic acid groups of N3 cannot be neglected in the energetics of N3 adsorption on TiO 2 .
In Fig. 2 (c) we compare our calculated O1s core-level shifts [18] with the XPS measurements of Ref. 9 . The measured spectra exhibit peaks at 529.8 eV, 531.4 eV and 533.2 eV.
The peak at the lowest binding energy (529.8 eV) has been assigned to the O atoms of the TiO 2 substrate. The other two peaks have been assigned to the inequivalent O atoms of the carboxylic groups in the dye [9] . Our calculations correctly reproduce the three measured peaks. The uncertainty on the photoelectron escape depth [23] , surface stoichiometry, and H-coverage makes the separation between the substrate peak at 529.8 eV and the two dye peaks unreliable for a quantitative comparison. We therefore concentrate on the dye peaks at 531.4 eV and at 533.2 eV. First we consider the intensity ratios of these peaks. The intensity of the peak at 533.2 eV scales with the number of protonated carboxylic groups on the dye. The best match between our calculated intensities and experiment is obtained for interface models where the dye has two protonated carboxylic groups (I2 and I3 models). In model I1 the dye has three protonated COOH groups, leading to an intensity ratio (0.5) well off the experimental estimate (0.3) [9] . We therefore reject the candidate model I1 on the grounds of intensity mismatch. Second we consider the binding energy of the adsorbate peaks [18] . As clearly shown in figure 2(c), the separations of adsorbate peaks in all the models of the I2 and I3 families fall within the range 2.3-2.6 eV, and overestimate the measured peak separation of 1.8 eV [9] . This systematic deviation of 0.5-0.8 eV from experiment is well above our 0.2 eV error bar. We have carried out a number of tests in order to confirm that such deviation is not a numerical artifact [17] . We therefore assign the mismatch between theory and experiment to the inaccuracy of the models I2-I3.
By carrying out a detailed analysis of our calculated core-level shifts we noted that moderate changes in the structural parameters of the interface models, such as dye twisting or bond length variations, only lead to subtle changes in the shifts. We therefore conclude that structural variations across the models are not responsible for the observed 0.5-0.8 eV deviation.
These observations point us towards the possibility that supramolecular interactions within the dye monolayer may play a role in the measured XPS spectra. Our calculations for different surface coverages [18] indicate that the separation between the dye peaks is not affected by long-range electrostatic effects. Hence sizeable changes in the calculated peak separation can only arise from short-range interactions of the free carboxylic groups in the dye with other molecules. Such interactions can happen in two ways: either some of the N3 carboxylic groups form bonds with contaminant molecules, or the N3 dyes are bonded to each other within the monolayer.
The ex-situ preparation of the TiO 2 /N3 interface of Ref. 9 may lead to the presence of contaminant molecules in the system, such as water and hydrocarbons. It is unlikely that large hydrocarbons systematically attach to N3, but H 2 O molecules are small enough to form hydrogen bonds with the COOH groups and may alter the measured XPS spectra. However, our calculations of XPS spectra including water molecules exhibit heavily distorted peak intensities [18] , and allow us to exclude this scenario on the grounds of intensity mismatch.
The only remaining possibility is that of dye-dye interactions through the free COOH groups. In order to test this hypothesis we considered two interface models, H2a and H2b, which probe the limiting regimes of strong and weak H-bonding respectively [ Fig. 3(a) ].
Model H2a is derived from model I2a by forming N3 dimers (H bond length 1.51Å). Model
H2b is a self-assembled dye monolayer derived from model I2b (H bond length 2.68Å). hydrogen-bonding between dyes is key to interpreting the photoemission data of Ref. 9.
It is natural to ask whether additional H-bonded superstructures can exist at the TiO 2 /N3 DSC interface. Elementary geometric considerations show that, among all the model interfaces considered, models H2a and H2b are the only possible H-bonded homogeneous supramolecular structures [18] . However, more complex heterogeneous assemblies of dyes cannot be excluded.
STM experiments could directly probe the proposed H-bonded assembly. Although there are reports of STM studies on anatase TiO 2 in the literature [26] to the best of our knowledge no data exists on N3-sensitized (101) surfaces. However STM experiments of N3 on rutile TiO 2 reveal distinctively elongated features (ovals) in the tunneling maps [27] . Figure 3(a) suggests that the dyes in our dimer model H2a would naturally lead to an elongated STM 
Computational Methods
The calculations were performed using density functional theory (DFT) within the generalized gradient approximation of Ref. 1 . We used periodic simulation cells and described the electronic wavefunctions and charge density using plane wave basis sets as implemented in the Quantum ESPRESSO software distribution [2] . The core-valence interaction was taken into account by means of ultrasoft pseudopotentials [3] . The structures were relaxed via damped Car-Parrinello molecular dynamics by sampling the Brillouin zone at the Γ point [4, 5] . In order to generate the substrate model we optimized the bulk anatase TiO 2 lattice parameters by sampling the Brillouin zone on six inequivalent Monkhorst-Pack points while keeping the I4 1 /amd symmetry fixed. We constructed a stoichiometric slab by taking a cut through the bulk TiO 2 anatase such that the (101) surface was exposed. We described the There is an uncertainty in the calculation of the substrate O1s peak at 529.8 eV. In fact the number of TiO 2 layers which contribute to this peak depends on the photoelectron escape depth. In addition surface dipoles associated with possible surface defects may affect the energy separation between the substrate and the two adsorbate peaks at 531.4 eV and 533.2 eV. In the calculation of the full spectrum in Figure 3 (c) we only included the topmost layer of O atoms, and we used an escape depth of 10Å. The latter value has been estimated from the inelastic mean free paths reported in Ref. 10 for a photon energy of 758 eV [11] .
Since DFT might not describe hydrogen bonds accurately, we conducted extensive tests on the geometry and core-level shifts of H-bonded systems. The broadening of the photoemission data of Ref. 11 arises from the finite lifetimes of the core-holes, from vibrational broadening, and from the averaging over all the possible adsorption configurations. In the present study we do not address these aspects. In particular our best candidate interface models are meant to describe only the dye adsorption configuration with the highest yield.
While the present study focuses on XPS experiments performed on dry interfaces (i.e.
without the redox electrolyte), our conclusions are expected to remain valid even for complete DSC devices because the electrolyte is introduced after the sensitization step, when the TiO 2 /N3 interface has already formed. The present study also bear relevance to solid-state DSCs where the electrolyte is replaced by a molecular hole-transporter [14, 15] .
Supplementary Note 1:
The H-bonded dye chains were also proposed in Ref. 16 but in that work one of the two H-bonded carboxylic groups is deprotonated, while the same carboxylic groups are fully protonated in our model H2b. We tested the interface model proposed in Ref. 16 and found that the loss of a proton halves the intensity of the dye peak at 533.2 eV, resulting in a calculated core-level spectrum in sharp disagreement with experiment. Incidentally we note that we calculate the model proposed in Ref. 16 to be considerably less stable than all the other models considered here.
Supplementary Note 2:
While a dimer of model atoms [17] . In model I2a the bridging carboxylic groups belong to the same bipyridine [18] , while in model I2b the carboxylic groups belong to different bipyridines [19] . In model I2c, the two carboxylic groups which participate in binding belong to different bipyridines, with one in a bridging mode and the other in a unidentate mode. This configuration was proposed in Ref. 16 . In model I3a the N3 dye binds to the substrate via one bridging carboxylic group and two unidentate groups. This configuration was proposed in Ref. 20 for the related N719 dye. In model I3b the three carboxylic groups bind to the substrate in unidentate modes. In the three interface models I2c, I3a and I3b the interaction of the dye with the protons on the TiO 2 surface stabilizes the structure, consistent with studies of formic acid on the same surface [17] .
Model I3b is the most energetically favourable owing to the minimum strain exerted on the dye molecule. We have also calculated the separation between carbonyl and hydroxyl O1s core-level shifts in N3 (2.5 eV), isonicotinic acid (2.1 eV) and bi-isonicotinic acid (2.2 eV) but we are unaware of any published gas phase data for these low volatility molecules. 
